Listeria monocytogenes detection in wastewater can be difficult because of the 3 large amount of background microbiota and the presence of viable but nonculturable 4 forms in this environment. The aim of this study was to evaluate a Fluorescent In Situ 5
For FISH analysis, a volume of 1 mL of each sample was centrifuged (8000 rpm, 25 at 4 °C for 10 min). Resulting pellet was resuspend ed in PBS buffer (130 mM sodiumM A N U S C R I P T A C C E P T E D ACCEPTED MANUSCRIPT 6 chloride, 10 mM sodium phosphate, [pH 7.2]), and then fixed with ethanol/PBS (50:50) 2 mixture (Amann et al., 1995) . Fixed samples were stored at -20 ºC until their 3
hybridization. 4
Ten µL of each fixed sample were spotted on a gelatin-coated slide, allowed to air 5 dry, treated with lysozyme and dehydrated (50, 80, 100% ethanol) as previously 6 described (Wagner et al., 1998) . A concentration of 20% formamide in the hybridization 7 buffer (0.9 M NaCl, 0.01% SDS, 20 mM Tris-HCl, pH 7.6) was enough to reach the 8 specificity of the whole cell hybridization. In the case of wastewater FISH analysis, the 9 percentage of formamide was increased to 30% to avoid cross-hybridization with other 10 non-culturable genus of bacteria present in the samples. The EUB338 universal probes 11 mixture, complementary to a region of 16S rRNA of the domain Bacteria (Amann et al., 12
1995) was used as a positive control. Slides were mounted in FluoroGuard Antifade 13
Reagent (Bio-Rad, Madrid, Spain) and visualized by epifluorescence Olympus 14 microscopy BX50 with 460-490 nm ( U-MWIB) and 520-550 nm (U-MWIG) exciter filters. 15 16
DVC-FISH assay optimization 17
An overnight culture of L. monocytogenes was serially diluted from 10 1 to 10 8 18 CFU/mL. An aliquot of 1 mL of each dilution was added to 9 µL of BHI broth 19 supplemented with yeast extract (2.5 mg/mL) and different concentrations (0.8, 1, 1.5 20 µg/mL) of the antimicrobial agent Ciprofloxacin (SIGMA Chemical Co., St. Louis, Mo.), 21
as described by Besnard et al. (2000) . DVC broths were incubated at 37 ºC in aerobic 22 conditions and aliquots from each dilution were immediately taken after inoculation and 23 after 7, 16 and 24h and fixed for FISH as described above. 24
PCR analysis 2
Cells were harvested by centrifugation at 14000 x g for 30 s, washed twice with 3 sterile phosphate buffer and suspended in TE buffer (10 mM Tris-Cl, pH 7.5, 1 mM 4 EDTA). DNA isolation was performed using Realpure genomic DNA isolation kit (Durviz, 5
Paterna, Spain) according to the manufacturer´s instructions. Concentrated DNA was 6 stored at -20ºC. L. monocytogenes detection was performed by multiplex PCR using the 7 primers described by Bansal et al. (1996) , which amplify a genus specific 938 bp 8 fragment of 16S rDNA of Listeria sp. and a species specific 750 bp fragment of hlyA 9 gene of L. monocytogenes, according to Zamora et al. (2000) . A final reaction volume of 10 30 µl was obtained by addition of 3 µl of sample, 20 pmol of each primer, 0.2 mM of 11 each deoxynucleotide, 2.5 mM MgCl 2 and 2 U of Taq polymerase (New England 12 Biolabs, U.K.). The amplification consisted of an initial DNA denaturing step at 95 ºC for 13 Germany). For direct detection, cells from 100 mL of each inoculated water sample were 3 harvested by centrifugation (1000 xg) and the pellet was resuspended in 3 mL of PBS 4 buffer. For detection after enrichment, one hundred mL of each inoculated water sample 5 were filtered through 0.45 µm cellulose nitrate membrane filters (Whatman, Maidstone, 6
England), the membranes were aseptically rolled, transferred to 100 mL of Modified 7
Fraser broth (Garrec et al., 2003) and incubated in aerobic conditions at 37 ºC for 24 h. 8
One mL aliquots of each PBS suspension and each enrichment broth were fixed, 9 inoculated for DVC incubation and processed for PCR analysis respectively. were taken from three sites: the influent, the secondary treatment effluent and after the 20 tertiary treatment. All samples were placed into sterile glass bottles, refrigerated and 21 processed for culture, FISH, DVC-FISH and PCR analysis within 6 h of collection. All the 22 assays, except the DVC-FISH one, were performed with and without enrichment, as 23 described for inoculated samples. To confirm the results, each sample was tested twice 24
Aliquots of 100 µL of each sample, before and after enrichment, were plated onto 2 selective Palcam media (OXOID SA, Madrid, Spain) and Chromogenic Listeria Agar 3 (OCLA, OXOID) and incubated at 37 ºC for 24 h. Presumptive colonies were purified 4 and identified by API-Lis biochemical system (Biomerieux, Mercy L'Etoile, France) and 5 PCR, as described above. 6 7 3. Results 8 9
FISH control assays 10
Alignment of the Lmon designed probe with the sequences deposited in 11
GenBank for Listeria and other related organisms showed that the studied probe 12 completely and exclusively matched the target region of L. monocytogenes 16S rRNA. 13
The Lmon probe hybridized with all the L. monocytogenes strains, whereas none of the 14 other tested species showed any fluorescent signal (Fig. 1) . 15
The detection limit of the FISH assays for L. monocytogenes in inoculated PBS 16 buffer was 10 4 CFU/mL. In inoculated wastewaters, it was ten-fold higher than in PBS 17 (10 5 CFU/mL). However, the 24-hour enrichment step enabled a detection limit of 10 18 CFU/mL in both PBS and wastewaters (Fig. 2) . 
PCR control assay 2
Alignment of the sequences of L. monocytogenes deposited in GenBank with 3 those of other related organisms showed that the two sets of primers used in this study 4
were suitable for multiplex PCR detection of L. monocytogenes species. All the 5 reference Listeria strains tested were positive by multiplex PCR (mPCR) reaction. No 6 amplification was obtained for the remaining bacterial genera included in this work. 7
The detection limit of mPCR assay for L. monocytogenes in both inoculated 8 wastewater samples and PBS buffer without enrichment was 10 4 CFU/mL and after 24 h 9 of incubation it decreased to 10 CFU/mL. Incubation periods longer than 24 h did not 10 improve the detection limit in any type of sample. 11
L. monocytogenes detection in wastewater samples 13
Forty-eight out of the 261 samples tested were found to be positive for the 14 presence of L. monocytogenes using any of the assays, including one PCR positive 15 sample, which was Listeria negative by FISH and culture detection (M44). By FISH 16 analysis, 47 samples yielded positive results for Lmon probe hybridization (Fig. 3) , 37 of 17 them allowing L. monocytogenes detection prior to enrichment (Table 1) suggested that this could be due to inhibitory substances present in wastewater as 22 humic acids that can have a significant effect on the activity of the Taq polymerase 23 enzyme, yielding false negative results (Lemarchand et al., 2005 ). An enrichment step 24 dilutes inhibitors of the sample, thus improving detection rates (Liu, 1998 ) .
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14
Although FISH seems to be more effective than PCR for L. monocytogenes 2 detection in wastewater samples, and including a DVC step has allowed us to 3 distinguish between live and dead cells, its combination with PCR could be an excellent 4 tool to avoid false negative results. However, for detection purposes in environmental 5 samples, the cost-benefit ratio must be taken into account. 
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